Diurnal rhythms of behavior and brain mRNA expression for arginine
vasotocin, isotocin, and their receptors in wild Amargosa pupfish
(Cyprinodon nevadensis amargosae)
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Amargosa pupfish (Cyprinodon nevadensis amargosae) occupy remote
desert habitats that vary widely in environmental conditions from day to
night. In this study, die! patterns of behavior were documented for pupfish
in their natural habitat, and examined relative to changes in the abundance
of mRNAs encoding prepro-arginine vasotocin (pro-VT), prepro-isotocin
(pro-IT), three distinct vasotocin receptors (VIal, Vla2, and V2), and an
isotocin receptor (ITR) in the brain. The behavior of wild pupfish varied
diurnally, with frequent aggression from 12:00 to 15:00 hand courtship and
spawning most common between 15:00 and 19:00h. Transcript abundance
for pro-VT in the brain also changed diurnally with mRNA levels highest
at night when the pupfish were least active. Transcripts encoding VT and
IT receptors, however, exhibited distinct die! patterns, with Vla2 receptor
transcripts showing sex-specific diurnal changes, but V2 receptor and ITR
receptor mRNAs varying similarly for males and females. VIal and pro-IT
transcript abundance were constant over day-night in both sexes. These
results document diurnal variation in mRNAs encoding pro-VT and the
Vla2, V2, and ITR receptors in the pupfish brain, and provide evidence
that die! regulation of Vla2 receptor transcript abundance differs between
males and females.
Keywords: vasotocin; A VT; isotocin; receptor; fish; Cyprinodon nevadensis
amargosae; behavior; die! variation

Introduction

Many fish change their behavior in response to shifting environmental and social
challenges from day to night (Helfman 1993; Thurow 1997). These behavioral
changes can include shifts in vertical distribution (Sogard and Olla 1996; Adams
et al. 2009), social interactions such as schooling, courtship, and spawning (Smith
et al. 1993; Blanco-Vives and Sanchez-Vazquez 2009), feeding (Hibino et al. 2006),
and general movement or swimming activity (Helfman 1993). Different taxa of fish
vary widely in which behaviors show diurnal changes (Reebs 2002), and in some
species, diel patterns have even been found to vary among individuals in accordance
with social status or condition (Kadri et al. 1997). In giant kokopu
(Galaxias argenteus), for example, dominant and subordinate fish show distinct

diel patterns in foraging behavior, as the availability of high-quality foraging
locations is partitioned differently from day to night according to agonistic dynamics
(Hansen and Closs 2005). Taken together, the picture that is emerging from these
and other studies suggests that diurnal behavioral variation is influenced by a variety
of environmental factors including photoperiod, temperature, food availability,
and even social cues such as dominance status, parental state, or predation risk
(Fraser et al. 1993; Helfman 1993; Reebs 2002).
In fish, multiple endocrine pathways mediate the interacting influences of these
physical and social environmental cues on diurnal variation in behavior. Primary
among these endocrine pathways, melatonin secretion from the pineal organ has
been demonstrated to regulate the daily behavioral rhythms in fish and other
vertebrates (Falcon et al. 2007, 2010). Although melatonin serves as a key
timekeeping molecule in fish, its effects on feeding, reproduction, and other
behaviors are mediated through interactions with other neuroendocrine pathways
(Falcon et al. 2007, 2010). Circulating levels of the peptide hormone arginine
vasotocin (VT), for one, have been shown in several fish species to vary over a diel
cycle (Kulczykowska and Stolarski 1996; Kulczykowska 1999). In fish, VT
is a well-established regulator of both osmotic balance and hypothalamic
pituitary-interrenal (HPI) axis stress responses (reviewed by Balment et al. 2006).
More recently, VT has also been implicated as a regulator of sociosexual interactions
in fish by modulating the propensity for a male to behave aggressively or court
females (Semsar et al. 2001; Salek et al. 2002; Lema and Nevitt 2004a; Thompson
and Walton 2004; Santangelo and Bass 2006; Walton et al. 2010). Neural
VT-immunoreactive phenotype has now been shown to be associated with
individual, population, and species-level variation in sociosexual behaviors
in a variety of different fishes (Grober et al. 2002; Miranda et al. 2003; Larson
et al. 2006; Lema 2006; Dewan et al. 2008), and prepro-vasotocin (pro-VT) mRNA
levels in the preoptic area (POA) of the hypothalamus have been shown to differ
between dominant and subordinate male African cichlids (Astatotilapia burtoni),
suggesting that pro-VT transcript abundance in the brain can vary with social status
(Greenwood et al. 2008). Given these associations between sociosexual behaviors and
the neural VT system in fish, we hypothesized that day-night cycles of behavior
might also be underlain by diel changes in the neural VT system.
In this study, we documented diurnal variation in the abundance of gene
transcripts encoding pro-VT, prepro-isotocin (pro-IT), and three newly identified VT
receptors (VIal, Vla2, and V2) (Lema 2010)- as well as a receptor for IT (ITR)- in
the brain of Amargosa pupfish (Cyprinodon nevadensis amargosae) in a marsh
habitat in the Death Valley region of California and Nevada, USA, and examined
how these mRNA changes related to diel behavioral variation in the wild fish.
Amargosa pupfish, like other pupfishes in the Death Valley region, occupy a series of
remote streams and springs that are isolated by desert. Several of these habitats
experience dramatic fluctuations in physical environmental conditions (i.e. temper
ature) throughout the day (Brown and Feldmeth 1971; Soltz and Naiman 1978),
which lead the pupfish to shift their behavior and habitat use to cope with this
diurnal environmental variability (Barlow 1958; Soltz 1974; Feldmeth 1981).
In previous work by Lema and Nevitt (2004a), VT was found to regulate
aggressive behaviors in territorial male Amargosa pupfish (C. n. amargosae) in both
the laboratory and the wild. Under both testing scenarios, administration of
exogenous VT inhibited the initiation of aggressive interactions by male pupfish and

increased the proclivity for males to retreat from agonistic interactions initiated by
other fish (Lema and Nevitt 2004a). More recently, some populations of Amargosa
pupfish (C. n. amargosae and C. n. mionectes) in Death Valley were found to have
diverged evolutionarily both in aggressive behavior and the responsiveness of their
neural VT systems to environmental conditions of salinity and temperature
(Lema 2006). Together, these findings support the hypothesis that variation in the
neural VT system in part underlies variation in aggressive behaviors both within 
and among- Amargosa pupfish populations (Lema 2006, 2008). In this study, we
begin to explore whether the VT system might also contribute to diurnal changes in
behavior within a population of C. n. amargosae by examining the diel variation
in mRNA levels for pro-VT, pro-IT, and their receptors in the brain.

Materials and methods
Study location and design
Amargosa River pupfish (C. n. amargosae) were studied in the Amargosa River in
San Bernardino County, CA, USA. The Amargosa River channel extends nearly
320 km before emptying onto salt flats on the floor of Death Valley. Over most of the
Amargosa River's distance, however, the river is dry except following rainstorms,
and pupfish are routinely located in only two small reaches of the river where the
river's channel is fed by groundwater springs (for description, see Soltz and Naiman
1978). We studied pupfish from a small, spring-fed marsh (35°53'08.42" N, 116°14'
03.01" W) located adjacent to the upper permanent reach of the Amargosa River
near Tecopa, California, USA. All studies were conducted from 2 to 3 June 2008.
Water parameters in the marsh were recorded as 1.7ppt salinity and 11.52mgL -I
dissolved oxygen (YSI 85, YSI Incorporated, Yellow Springs, OH, USA) over the
experimental period. Temperature CO C) and light intensity (lum ft 2 ) conditions were
recorded at 2 min intervals throughout the experimental sampling period using
HOBO® Pendant Temperature/Light Data Loggers (Onset Computer Corp., MA,
USA). Temperature and light intensity profiles in the marsh over the 24h study
period are provided in Figure 1.
Over a 24h period, we recorded pupfish behavior at several sampling locations
within the marsh, and then immediately followed these observations with the
collection of adult male and female pupfish for later quantification of brain
transcript abundance for pro-VT, pro-IT, three pupfish vasotocin receptors (Vlal,
Vla2, and V2), and an isotocin receptor (ITR). Behavioral observations and fish
collection were coordinated around six sampling times: 04:00, 08:00, 12:00, 15:00,
19:00, and 23:00 h. This sampling method allowed us to document diel variation
in pupfish behavior in the wild, as well as examine how behavior changed diurnally
relative to neural transcript abundance for the VT-IT peptides and their respective
receptors.

Behavioral observations
Six quadrats (0.6 x 0.6m 2 ) were constructed on the substrate of the marsh using
string connecting metal nails as corner posts. Quadrats were placed in the habitat 4
days prior to commencing behavioral observations, which gave the pupfish time
to resume normal activities following the disturbance of quadrat construction.
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Figure 1. Mean temperature ("C) and light intensity (lumjft2 ) conditions in the spring-fed
marsh as recorded every 2min by HOBO® Pendant Loggers over the 24h period that
Amargosa pupfish were studied. Water temperature showed a die! fluctuation that lagged
behind insolation changes over the die! cycle. Day and night conditions, as demarked by the
US National Ocean and Atmospheric Administration (NOAA) times (www.esrl.noaa.gov/
gmdjgradjsolcalc/) for sunrise and sunset at the study location, are shown as dark and light
boxes above the x-axis.

The behaviors of pupfish were recorded within each of the six 0.36 m 2 quadrats
for a 2 min period immediately prior to fish collection. The number and species
designation of fish located within each quadrat was recorded at the beginning and
end of every 2 min observation period, to provide estimates of fish density. The
Amargosa River is home to two native fishes - pupfish and speckled dace
(Rhinichthys osculus)- as well as one invading species of mosquitofish (Gambusia
affinis) (Soltz and Naiman 1978; Pister 1981). Speckled dace are generally not found
in marshes with shallow, slow moving water, and were not observed in any of the
quadrats. All behavioral observations were made immediately (~20 min) prior to the
six sampling times during the 24 h period. These times were selected to provide a
comprehensive picture of behavioral and physiological changes over a full day-night
cycle.
During each behavioral sampling period, all aggressive, courtship, and feeding
behaviors performed by pupfish within the quadrat were recorded. Descriptions of
the behaviors that were observed are presented in Table 1; these behaviors were
categorized according to motor pattern descriptions of the behavior of Amargosa
pupfish and other closely related pupfishes (Barlow 1961; Liu 1969; Soltz 1974; Lema
and Nevitt 2004a). For aggression, the recipient of the aggression- whether it was
another pupfish or a mosquito fish- was also recorded. No instances of mosquitofish
behaving aggressively toward pupfish were observed.

Fish collection

Adult male and female pupfish were collected by dip net at the six sampling times
(n = 4--9 fish per sex and sampling time; total N = 76 fish). Immediately after capture,
fish were euthanized with tricaine methanesulfonate (MS222; Argent Chemical,
Redmond, W A, USA) and measured and weighed. Brains were dissected and placed

Table I. Descriptions of pupfish behaviors recorded in this study.
Behavior
Aggression
Charge

Nip
Display
Courtship
Sidle
Spawn
Additional
behaviors
Feeding bite

Description
Individual darts toward another fish with mouth open and median fins
folded
Individual darts toward another fish with mouth open and contacts the
other fish
Males approach each other and momentarily pause face to face or side
to side with median fins spread
Male swims alongside a female while contacting her pelvic fin region with
his snout
Male and female lie side by side on the substrate with their bodies curved
forming an S-shape pattern; the anal fin of the male is wrapped around
the female's anal-genital region; usually followed by oviposition
Individual takes a mouthful of sand and/or algae from the substrate

in RNAlater (Applied Biosystems, Inc., Foster City, CA) at 4oC for 48 h before being
stored at -20oC until RNA extraction.

Isolation and sequencing of cDNAs for pro-VT and pro-IT
Total RNA isolation

A captively reared adult male Amargosa River pupfish (body mass, 5.30 g; standard
length, 54.00 mm) was euthanized in MS222, and the whole brain with attached
pituitary gland was dissected, frozen in liquid nitrogen, and stored at -80oC. Total
RNA was extracted using Tri-Reagent (Molecular Research Center, Cincinnati, OH)
with bromochloropropane as the phase separation reagent. The sample was then
DNase I treated (Invitrogen, Carlsbad, CA, USA), cleaned (RNeasy Kit, Qiagen,
Valencia, CA, USA), and quantified by spectrophotometry (260: 280 ratio of 1.98;
NanoDrop Technologies, Wilmington, DE, USA). RNA quality was confirmed
by electrophoresis on a 1% agarose gel.

Determination of partial cDNA sequences for pro- VT and pro-IT

To obtain partial eDNA sequences for pro-VT and pro-IT, first-strand eDNA was
synthesized in a 20 f-LL reverse transcription reaction by incubating 2 J.lg of total RNA
template (3.48 f-LL) with 1.0 f-LL dNTP (Promega, Madison, WI, USA), 0.5 f-LL random
primers, and 7.02 f-LL of RNase-free H 2 0 (Sigma) at 65oC for 5 min. Subsequently,
4 f-LL of 5X buffer and 1 f-LL of SuperScript II Reverse Transcriptase enzyme
(Invitrogen) were combined with 2 f-LL of 0.1 M DTT and 1 f-LL of RNase inhibitor,
and the mixture was incubated at room temperature for 10min followed by 42oC for
50min and 70oC for 15min.
PCR was performed using degenerate primers designed from consensus regions
of eDNA sequences for pro-VT and pro-IT from other teleost fishes. Nested
degenerate primers were designed to the eDNA sequences for pro-VT described

previously from bluehead wrasse (Thalassoma bifasciatum, Genbank accession no.
AY167033) and cichlid (A. burtoni, AF517935). The outer-nested primers were
(forward) 5'-ATGCCTCACTCC(T/G)TG(T/A)TCCC-3' and (reverse) 5'-AGGG
GGTGAGCAGGTAGTTCTC-3'. The inner nested primers used were (forward)
5'-TACATCCAGAA(C/T)TG(C/T)CCCCGAG-3' and (reverse) 5'-CCCTCAGA
(C/T)CCACAGG(A/G)TCTC-3'. Nested degenerate primers were designed to
eDNA sequences for pro-IT from cichlid (GQ288466), Chinese wrasse
(DQ073099), Parajulis poecilopterus (DQ073095), and European flounder
(AB036518). The outer nested primers were (forward) 5'-AAATGACTGGA
GAGCC(G/T)CTGT-3' and (reverse) 5'-GATGAGGAGAAG (C/T)G(C/T) GAC
C-3'. The first set of inner nested primers used were (forward) 5'-TCCGTGTGCCT
(A/T)CT(C/T)TT(C/T)CT(C/T)(G/C)T -3' and (reverse) 5'-CAGATGCAG(C/G)
AGCCTGA(A/G)GATGA-3', and the second inner nested set of primers were
(forward) 5'-TG(C/T)TACATCTC(A/C/T)AACTGTCC(A/C/T)ATCGG-3' and
(reverse) 5'-GGTC(A/G)CC(A/G)CCTTC(G/C)AATT-3'.
First-strand eDNA was amplified in 50 f-LL PCR reactions containing 2 f-LL of
reverse-transcribed eDNA, 3.0 f-LL of MgCb (25 mM), 10 f-LL of lOX Flexi buffer,
1.0 f-LL of dNTP, 0.25 f-LL of GoTaq polymerase (Promega), 1 f-LL each of forward and
reverse degenerate primers (50mM), and 31.75 f-LL of RNase-free H 2 0 under
a thermal profile of 95oC for 2 min, followed by 35 cycles of 95oC for 30 s, 49-51 oc
for 30 s, and noc for 1 min, and ending with noc for 10 min. When electrophoresis
of the PCR products on 1.2% agarose gels revealed bands of predicted size, the
products were purified (QIAquick PCR Purification Kit, Qiagen, Inc., Valencia, CA)
and sequenced (Macrogen, Inc., Korea). Partial eDNA sequences were obtained by
4.8 software
aligning overlapping nucleotide sequences using Sequencher
(Gene Codes Corp., Ann Arbor, MI, USA) and analyzed against eDNA sequences
from other vertebrates (ClustalW Method, Lasergene software; DNASTAR,
Inc., Madison, WI, USA). Degenerate primer PCR and sequencing resulted
in partial eDNA sequences for pro-VT (172 bp) and pro-IT (355 bp).
The partial eDNA sequence for pro-IT is provided at GenBank accession no.
GU441854.
TM

Sequencing of a full-length pro- VT cDNA

Nested gene-specific primers to the partial eDNA sequence of pro-VT
from Amargosa River pupfish were used to acquire the full-length pro-VT sequence
by 5'- and 3'-rapid amplification of eDNA ends (BD SMART RACE eDNA
Amplification Kit, Clontech Laboratories, Inc., Mountain View, CA, USA).
Gene-specific primers for the 5'- and 3'-RACE reactions are as follows: 5'-RACE
primer, 5'-TCCTCCTCACAGTGAGCTGATGCTGGTG-3'; and 3'-RACE primer,
5'-TGCTGTGGAGAGGGTCTGGGCTGC-3'. First-strand eDNA was amplified
in a 50 f-LL PCR reaction containing 2 J.lg of reverse-transcribed eDNA from the
combined brain and pituitary under a thermal profile of 5 cycles of 94oC for 30 s,
followed by noc for 2 min, 5 cycles of 94°C for 30 s, 70°C for 30 s, and noc for
2 min, and then, 25 cycles of 94oC for 30 s, 68°C for 30 s, and noc for 2 min. The 5'
and 3' RACE products were examined on 1.2% agarose gels; the eDNA was then
purified (QIAquick PCR Purification Kit, Qiagen, Inc.) and sequenced. Full-length
eDNA sequences were obtained using Sequencher™ 4.8 software (Gene Codes

Corp.) and analyzed against sequences for these transcripts from other vertebrates by
the ClustalW Method.
To confirm the full-length pro-VT eDNA sequence, a nested set of primers was
designed to the 5' and 3' untranslated regions (UTRs) of the eDNA. These primers
are as follows: outer nested primers, (forward) 5'-ATCCAGACCAGCGGAGGA
AAT-3' and (reverse) 5'-GCTGCAGGTCTTTAGGAGCAAG-3'; and inner
nested primers, (forward) 5'-TCAGCTCACTGTGAGGAGGAGA-3' and (reverse)
5'-CAGCCCTCAGTGTTACAGCAGA-3'. Reverse-transcribed total RNA from
the combined brain and pituitary was amplified in 50 f-LL PCR reactions containing
2 f-LL of eDNA template, 25 f-LL of GoTaq polymerase master mix, 21 f-LL of
nuclease-free H 2 0, and 1 f-LL each of forward and reverse primers (10 f-LM) under
a profile of 95oC for 2 min followed by 35 cycles of 95oC for 30 s, ssoc for 30 s,
and noc for 90s, and then noc for 2 min. The PCR products were examined
on 1.2% agarose gels, and bands were excised, purified, and sequenced. The
full-length eDNA for C. n. amargosae pro-VT is provided at GenBank accession no.
GU138978.

Real-time quantitative reverse-transcription PCR
Total RNA was extracted from the whole brains of adult pupfish collected during
the diel cycle sampling using Tri-Reagent (Molecular Research Center) with
bromochloropropane as the phase separation reagent, and then DNase I treated
(Invitrogen). Samples were then cleaned (RNeasy Kit, Qiagen) and quantified by
spectrophotometry (260:280 ratios of 1.96-2.02; NanoDrop Technologies). RNA
quality was confirmed by electrophoresis on a 0.8% agarose gel.
Total RNA was reverse-transcribed (RT) in 25 f-LL reactions containing 5.0 f-LL of
5X buffer and 2.5 f-LL of 0.1 M DTT (Invitrogen), 1.25 f-LL of dNTP (stock of 10 mM
each of dCTP, dGTP, dTTP, and dATP) and 0.426f-LL of random hexamer
(500 ng f-LL- 1 stock, Promega, Madison, WI, USA), 0.25 f-LL of RNaseOUT inhibitor
(40 U f-LL - 1, Invitrogen), 0.313 f-LL of SuperScript III polymerase (200 U f-LL- 1,
Invitrogen), 10.28 f-LL of ddH 2 0 (nuclease-free water, Sigma, St. Louis, MO, USA)
and 5.0f-LL of total RNA template (15ngJ.lL- 1). All RT reactions were performed
in 96-well plates on a thermal cycler (PTC-100, MJ Research) under a thermal profile
of 25oC for 10min, sooc for 50 min, and 85°C for 5min.
Primers and Taqman probes for real-time quantitative RT-PCR assays were
designed to the eDNA sequences for pro-VT (Genbank accession no. GU138978)
and pro-IT (GU441854) obtained above, as well as to cDNAs encoding V1a1
(Genbank accession no. GQ981412), V1a2 (GQ981413), V2 (GQ981414), and ITR
(GQ981415) obtained previously from Amargosa pupfish (C. n. amargosae)
(Lema 2010). Primers and probes for all quantitative RT-PCR reactions were
synthesized by Integrated DNA Technologies (Coralville, IA, USA), and are given
in Table 2. When possible, assays were designed to span an intro boundary.
Quantitative RT-PCR reactions were run in 25 f-LL volumes with each reaction
containing 12.5 f-LL of Master Mix (ABI Universal MasterMix Reagent), 0.5 f-LL of
forward primer (45J.lM), 0.5f-LL of reverse primer (45J.lM), 0.5f-LL ofprobe (lOf-LM),
8.0 f-LL of ddH 2 0 (nuclease-free water, Sigma) and 3.0 f-LL of reverse-transcribed
eDNA template. Reactions were run on an ABI 7500 Real-Time PCR System under
a PCR thermal profile of sooc for 2min, 95°C for 10min, and then 40-45 cycles

Table 2. Nucleotide sequences for primers and Taqman probes used in quantitative real-time
RT-PCR.

Transcript Primer or probe

Sequence (5' to 3')

pro-VT

Forward primer ATCAGAACCAGCAGCCATGCATCA
Probe
TGTGCGTCCTGGGACTCCTCGCCCTCT
Reverse primer AGTTCTGGATGTAGCAGGCGGA

pro-IT

Amplicon % PCR
size (bp) efficiency
89

103.3

Forward primer TCGGCTCACTGCATAGAGGAGAACTA
ATGCAGAGAGCTGCACTGCAGATCAGAT
Probe
Reverse primer CACCTTCATACTGGCTGGTTTGGT

184

99.5

Vial

Forward primer CTGCTCATCGGAAATCTCCTGCAA
Probe
ACCTAACGCAGAAGCAGGAGATTGGA
Reverse primer TGATTTCGATCTTGGCCACCTCCT

!55

102.6

Vla2

Forward primer GGTGCAAATGTGGTCAGTGTGGGATA
TTGCCAGTCTCAACAGCTGCTGCAA
Probe
Reverse primer GAAGGTGGCCGCTAAAGATCATGT

140

101.0

V2

Forward primer CGCCCTCATCATTACCATCTGTCA
Probe
CCGCGAGATTCACAACAACATCTACCTG
Reverse primer AGCTCAGCCATCACTATCCTCTCT

101

105.7

EF!a

Forward primer TACAAGTGCGGAGGAATCGACAAG
TGGACAAACTGAAGGCCGAGCGTGA
Probe
Reverse primer GGTCTCAAACTTCCACAGAGCGAT

162

103.1

of 95°C for 15 sand 60oC for 1 min. All samples for each gene were run on a single
96-well plate. Serial dilution of a single total RNA from the experiment was used as a
standard curve reference, and correlation coefficients (r 2 ) of the standard curves were
always >0.97. All standard curve samples were run in triplicate. PCR efficiencies for
each gene were calculated from the standard curves using the following formula:
E = -1 + 10( -!/slope) (Rasmussen 2000), and are presented in Table 2. Each run also
included duplicate samples lacking eDNA template to further check for DNA
contamination during RNA preparation. As an internal reaction control for each
gene of interest, we quantified transcript levels of elongation factor 1a (EF1a;
Genbank accession no. EU906930). Transcript levels of EF1a were similar across all
treatments (F5 .64 = 1.39, p = 0.25) and sexes (F1, 64 = 0.44, p = 0.51). Transcript levels
for genes of interest were calculated using the serially diluted standard curve and
were expressed relative to EF1a mRNA levels in the given sample. The relative level
of gene transcript was then calculated by dividing the above values by the mean of
the male control group (Pfaff 2001). This calculation provides a clear representation
of the relative changes in abundance of each transcript across sampling times, and
illustrates relative mRNA level comparisons between sexes.

Statistical analyses
To test whether pupfish behavior varied over the diel cycle, behaviors were
compared among sampling times using one-factor ANOVA models. When the

ANOVA model revealed a significant effect of time, multiple pairwise comparisons
were made among all sampling times using Tukey HSD tests. Data were square-root
transformed prior to analysis when behavioral data failed to conform to the
assumptions of normality. Spawning event data was not statistically compared, given
that spawning was not observed in 83.3% of the 2 min behavioral observations
(thereby resulting in a value of "0" for spawning frequency during each of those
observation periods).
Transcript abundance data for pro-VT, pro-IT, and the VT/IT receptors were
analyzed by three-factor ANCOVA models with "sex" and "collection time" as main
effect factors, and "body mass" as a covariate. All interactions between these factors
were also included in the models. Body size was used as a covariate because body
mass showed a marginally significant difference among sampling times for male
(F5 , 35 = 2.32, p = 0.06), but not female (F5 ,28 = 1.89, p = 0.12), pupfish. When
a significant effect of "collection time" was found, gene expression values for each
time were compared using Tukey HSD tests. Subsequent linear regressions were
conducted to test for relationships between transcript abundance and "body mass"
for each sex separately.

Results
Die/ variation in pupfish behavior
The frequencies of feeding, aggression, and courtship behaviors of pupfish varied
diurnally (Figure 2). Pupfish foraging rates fluctuated during the day-night cycle
(F3 , 23 = 7.017, p = 0.0021), with greatest feeding activity in morning (08:00 h),
reduced feeding at midday (12:00 and 15:00 h), and moderately elevated feeding in
the evening (19:00 h) (Figure 2a). Pupfish were found to be inactive at night, instead
losing the blue body coloration typical of males during the day and lying stationary
on the substrate during the nighttime hours. Feeding was not observed in any of the
nighttime observations.
The frequency of aggression also varied from day to night, with the highest
occurrence of aggressive charges (F3 ,23 = 7.878, p = 0.0012) and nips (F3 ,23 = 11.885,
p < 0.0001) during midday (12:00 and 15:00h; Figure 2b). Reproductive behaviors
showed diurnal variation as well with increased courtship sidling (F3 ,23 = 7.670,
p = 0.0013) and spawning activity during the afternoon (15:00 and 19:00 h;
Figure 2c). This increased reproductive activity was lagged a few hours behind the
elevated aggression seen in the population at midday. Again, since pupfish became
inactive at night, no instances of aggressive or reproductive behaviors were observed
during nighttime hours. While the overall density of pupfish in each quadrat was
lower during dark hours (04:00 and 23:00 h) than during light hours (08:00, 12:00,
15:00, and 19:00 h; F 5 , 30 = 4. 71, p = 0.003), the absence of significant changes in
density during daylight hours (F3 ,23 =0.19, p=0.90) suggests that the diurnal
changes in behavior observed here are not due to variation in fish density.
Analysis of the species involved in each agonistic interaction revealed that
pupfish directed many of their aggressive behaviors toward non-native mosquitofish
(G. affinis), rather than toward other pupfish (Table 3). Averaged over the entire 24h
observation period, pupfish directed 45.9% of aggressive charges and 65.8% of
aggressive nips toward this non-native fish.
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Figure 2. Pupfish behavior varied significantly in the marsh habitat over the 24 h study
period. The frequency of feeding bites (a) showed die! variation with highest feeding in the
morning (07:40h) and reduced feeding midday. Aggressive charges and nips (b) varied across
the day-night cycle, with the highest rates of aggression during the midday (II :40 and 14:40 h).
Courtship behavior and spawning activity (c) also varied with greatest frequency of these
behaviors in late afternoon (14:40 and 18:40 h). Letters indicate statistically similar data points
(Tukey HSD tests) within each behavior. Spawning behavior was not analyzed statistically
since it only occurred during the 14:40 and 18:40 h sampling times. Data are plotted as
mean±SEM.

Table 3. Mean± SEM frequency (per 2 min) of pup fish aggressive behaviors directed toward
pupfish or non-native mosquitofish (G. affinis).
Aggressive behaviors (per 2 min)
Time (h)

Behavior

07:30

Charges
Nips
Charges
Nips
Charges
Nips
Charges
Nips

11:30
14:30
18:30

Pupfish
2.50 ± 0.56
0.00±0.00
9.00± 1.55
2.50±0.76
11.17±3.90
0.33 ±0.21
2.83 ± 1.08
0.83 ±0.40

Mosquitofish
1.33 ±0.80
0.33 ± 0.33
9.67 ± 1.73
2.50 ± 1.18
7.00±2.00
4.67 ± 1.58
3.50± 1.41
0.83 ±0.48

Diurnal variation in neural pro- VT and pro-IT transcript abundance

Neural pro-VT mRNA levels showed diurnal variation in both males and females
(F5•64 = 4.18, p = 0.003), with reduced transcript abundance during the day (12:00 h)

and elevated transcripts at night (Figure 3). Similar diurnal patterns of pro-VT
mRNA variation were observed in both male and female pupfish (F1•64 = 3.19,
p = 0.080). Pro-VT transcript abundance also showed a positive relationship with
body size in adult female pupfish (Figure 4a), but not in adult male pupfish
(Figure 4b). Neural pro-IT levels were stable across the 24h sampling period
(F5 •64 = 1. 78, p = 0.133) and showed no significant expression difference between
the sexes (F5 •64 = 0.63, p = 0.429: Figure 3). Pro-IT mRNA levels did, however,
show a positive relationship with body mass in both adult female and male pupfish
(Figure 4c and d).

Diurnal changes in mRNAs encoding pupfish vasotocin and ITRs

Transcripts encoding the pupfish vasotocin receptors V1a1, V1a2, and V2 were also
examined in the brain for evidence of changes over the diel cycle. V1a1 transcript
abundance was similar between males and females (F1•64 = 0.08, p = 0.776),
and showed no change over the diel cycle in either sex (F5 •64 = 0.58, p = 0. 715;
Figure Sa and b). V1a2 receptor mRNA levels, in contrast, varied diurnally in
sex-specific patterns (collection time x sex interaction, F 5 •64 = 3.43, p = 0.008).
In females, V1a2 mRNA levels peaked in abundance at 08:00 h, and declined
through the day until early morning (Figure 5c). In males, however, V1a2 mRNA
levels were greatest in the late afternoon and evening (15:00 and 19:00h), and
declined quickly after sunset to lowest levels at 23:00 h (Figure 5d). V2 receptor
transcript also varied over the 24 h sampling period (F5•64 = 4.30, p = 0.002), with
reduced transcript abundance in the afternoon (15:00 h; Figure 5e and f). The general
pattern of V2 transcript variation was similar for males and females (F1. 64 = 0.50,
p=0.774), even though the temporal changes observed for female pupfish were not
as significant as for males when calculated in Tukey HSD pairwise comparisons
(Figure 5e and f). Relative values of V1a1, V1a2, and V2 mRNA levels in the brain
appeared similar to those seen using RT-PCR (Lema 2010), with V1a1 and V1a2
transcripts expressed at considerably higher levels than V2 transcripts. For each
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Figure 3. Neural pro-VT mRNA levels varied in both female (a) and male (b) pupfish over the
die! cycle. Neural pro-IT mRNAs, however, did not vary in either females (c) or males (d).
Letters indicate statistically similar values (Tukey HSD tests) of pro-VT mRNA levels within
each sex. Data are plotted as mean± SEM.

transcript, however, mRNA expression was plotted at levels relative to males from
the 04:00 h sampling time, so plotted data does not reflect the relative expression
differences between transcripts. Body mass did not affect the mRNA levels of any VT
receptor.
Transcripts for the ITR also showed diurnal variation in both sexes of pupfish
(F5 , 64 = 7.47, p < 0.0001), with highest transcript abundance during early morning
(04:00 h) and a gradual decline in transcripts throughout the day until reaching a low
at 15:00 h (Figure 6). This pattern ofiTR mRNA variation was similar between the
sexes (F1, 64 = 1.06, p = 0.306).

Discussion

Diurnal changes in pupfish behavior

Amargosa pupfish, and other pupfish species, display a breeding system that ranges
from territoriality to a dominance hierarchy depending on the density and sex ratio
of fish in the habitat (Kodric-Brown 1981). Male pupfish are highly pugnacious
as they establish and defend reproductive territories over the substrate, while females
spend the majority of their time feeding and usually only approach these territorial
males to spawn (Kodric-Brown 1978; Leiser and Itzkowitz 2003). Overall, however,
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Figure 4. Neural pro-VT mRNA levels showed a postttve relationship with body size
in female (a) but not male (b) pupfish. Pro-IT mRNA levels increased with body size in both
females (c) and males (d).

the breeding system of pupfish is dynamic, and social structure in the Amargosa
pupfish has been shown to vary both among allopatric populations and seasonally
within a single habitat (Soltz 1974; Kodric-Brown 1981). While several studies have
examined how the structure and size of a habitat influences variation in pupfish
behavior (Kodric-Brown 1981), we are unaware of any published accounts of how
the behavior of Amargosa pupfish varies diurnally within a habitat. Here,
observation of diel patterns of behavior in Amargosa pupfish revealed most frequent
feeding in morning and evening (08:00 and 19:00 h), frequent aggression in early
afternoon (12:00-15:00 h), and courtship and spawning most common in late
afternoon (15:00-19:00 h). Although the number of sampling times prohibits
assessment of statistical correlations between behavior and physical variables, the
frequency of aggressive behaviors was highest when the light intensity was greatest
(Figures 1 and 2b), while the frequency of courtship and spawning showed a lag
relative to aggression, and instead was greatest when water temperatures were
highest in the habitat (Figures 1 and 2c). At night (04:00 and 23:00 h), pupfish were
observed to be inactive and remained stationary on the substrate, as has been
observed qualitatively for other pupfish species in the wild (e.g., Cyprinodon
macularius; Barlow 1958). While there is little data from other pupfishes with which
to compare our diurnal observations of C. n. amargosae behavior, the bimodal
pattern of foraging with feeding elevated in early morning and late afternoon,
coupled with increased spawning activity between these times, corresponds well
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Figure 5. Diurnal patterns of transcript abundance for the VIal (a, b), Vla2 (c,d), and V2
(e, f) receptors for vasotocin shown by sex. VIal receptor mRNAs did not vary diurnally in
either sex, while Vla2 receptor mRNAs showed a distinct sex difference in patterns of change
over the die! cycle. V2 receptor transcript abundance varied from day to night, and followed a
similar pattern of variation in both sexes. Letters indicate statistically similar values (Tukey
HSD tests) within each sex. Data are plotted as mean± SEM.

to the daily patterns of feeding and spawning observed in the closely related Devil's
Hole pupfish (Cyprinodon diabolis) in its natural habitat of Devil's Hole
(James 1969). In this species, feeding activity was most common in early morning
and late afternoon, while spawning and chasing- although rare- were found to be
more frequent closer to midday (James 1969).
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In previous work with Amargosa pupfish and other closely related pupfishes,
behavioral variation on a daily or seasonal basis was suggested to be influenced by
changes in light and temperature (e.g., Barlow 1958; Soltz 1974). Pupfish are
generally inactive at night regardless of water temperature, indicating a strong
influence of light intensity on behavior (Barlow 1958; James 1969; Lema,
unpublished observations). Seasonal changes in pupfish reproduction and associated
aggressive behaviors have also, however, been linked to water temperature, with
aggression and spawning behaviors by pupfish most frequent at temperatures
ranging from 20oC to 35oC (Raney et al. 1953; Barlow 1958; Soltz 1974).
Complicating direct relationships between water temperature and behavior in the
wild, pupfish often shift their behavior and patterns of habitat use with the dramatic
changes in temperature that many of their habitats experience (sometimes> 25oC
between day and night, Lema, unpublished observations; Feldmeth 1981; Lema
2006). For instance, observations of the pupfish C. macularius in shore pools of the
Salton Sea, California, revealed diel shifts in movement between shallow habitats
and deeper pools in accordance with diurnal changes in water temperature (Barlow
1958). These pupfish also exhibited diurnal changes in foraging, with feeding
behaviors most common at temperatures below 36°C. When temperatures rose

above 36°C, C. macularius pupfish became inactive and lay stationary on the
substrate (Barlow 1958). Although no study has attempted to separate the influences
of temperature and light intensity on pupfish behavior, and these environmental
factors are often linked in field studies of thermally variable habitats, it is clear from
our findings here- and from the results of previous studies- that both light intensity
and temperature are key regulators of pupfish behavior in the wild.
Our quantitative observations of Amargosa pupfish behavior revealed that
pupfish directed aggression not only toward other pupfish, but also toward
non-native mosquitofish (G. affinis) and, in a few instances, even aquatic
invertebrates. Overall, 45.9% of aggressive charges and 65.8% of aggressive nips
by pupfish were directed toward mosquitofish. Mosquitofish are an invading species
in the Amargosa River and its associated marshes (i.e., Scoppettone et al. 2005), and
the presence of mosquito fish has been linked to declines in the abundance of native
fishes, including several federally endangered species of pupfish (Schoenherr 1981).
Using a combination of field and laboratory studies with Cyprindon variegatus
pupfish, Itzkowitz (1974) observed that territorial males will chase heterospecifics
out of their territories, but appear to preferentially direct aggressive behaviors
toward conspecifics (but see Leiser 2003). Under controlled laboratory conditions,
territorial intrusions by both conspecific and heterospecific fish were found
to influence C. variegatus reproduction by reducing the number of spawns by
a consorting pair, likely via direct disruption of the courtship sequence
(Itzkowitz 1974). However, recent evidence from experimental behavioral tests of
C. variegates also suggests that the impact of heterospecific territorial intruders on
the frequency of pupfish spawning may be greater than that of conspecific intruders
(Leiser 2003), implying that non-native species may have disproportional impacts on
the reproductive behaviors of pupfish. Our finding here that Amargosa pupfish
directed 45-65% of their aggressive behaviors towards non-native mosquitofish
points to a need for future studies on how non-native species impact energy
expenditure and rates of reproduction of imperiled pupfishes in the Death Valley
region and other areas of the American Southwest.

Die! variation in the VT-/T systems and potential associations with behavior

The results presented here establish diurnal patterns of abundance for mRNAs
encoding the neuropeptide VT and its three receptors (V1a1, V1a2 and V2), as well as
for IT and its receptor, in the brain of adult Amargosa pupfish. It was only recently
discovered that the Amargosa pupfish evolved three distinct VT receptor genes
encoding three putative receptors (Lema 201 0), making this species the first teleost fish
identified with multiple receptors for VT. At present, however, almost nothing is
known about the functional differentiation or expressional regulation of these VT
receptors. Here, we found that gene transcripts encoding two of the VT receptors- the
V1a2 and V2 receptors- exhibited diurnal changes in abundance in the brain, while
transcripts for the third VT receptor - V1a1 - did not show diurnal variation.
Similarly, transcripts for the IT receptor also varied diurnally. What is more, our
results revealed that the diurnal pattern of variation in V1a2 receptor mRNA levels
differed between male and female pupfish. To our knowledge, this is the first study
examining diurnal variation in mRNAs encoding VT receptors, or the IT receptor, in
the brain of a teleost fish.

Previous work with adult Amargosa pupfish has shown brain VT immunoreac
tivity (VT-ir) to be predominantly localized to the parvocellular and magnocellular
neurons of the POA of the hypothalamus (Lema and Nevitt 2004b). The size of these
VT-ir neurons in both the parvoceullular and magnocellular regions was found to be
greater in male than in female Amargosa pupfish, while the number of these VT-ir
neurons and the overall distribution pattern of VT -ir somata and fibers were similar
between the sexes (Lema and Nevitt 2004b). The distribution pattern ofVT-ir in the
pupfish brain is similar to the distributions ofVT-ir and pro-VT mRNA (as detected
by in situ hybridization) observed in other fish species (Goossens et al. 1977;
Van Den Dungen et al. 1982; Foran and Bass 1998; Godwin et al. 2000; Duarte et al.
2001; Miranda et al. 2003; reviewed by Goodson and Bass 2001), indicating that the
majority ofpro-VT mRNA signal detected in the pupfish brains examined here likely
comes from the hypothalamus. VT from the hypothalamic POA is secreted via the
neurohypophysis into systemic circulation to regulate physiological processes
including hydromineral balance and vasculature pressure, as well as into the
pituitary gland to regulate stress responses via the HPI axis (Warne 2002; Balment
et al. 2006). VT from the POA also appears to be released locally within the brain
to modulate behavior (Goodson and Bass 2001).
In this study, we found that pro-VT transcript abundance within the brain of wild
Amargosa pupfish varied diurnally, with pro-VT mRNAs declining after the
beginning of the light photoperiod to lowest levels at 12:00 h, and increasing in the
afternoon to reach maximum levels during the dark phase at 04:00 h. Male
and female pupfish showed similar diurnal patterns in pro-VT transcript abundance.
Pro-IT transcripts, in contrast, were stable in abundance over day-night in both
males and females. Whole brain pro-VT mRNAs in females and pro-IT mRNAs
in both sexes also showed positive relationships with fish size, while pro-VT
transcripts in males did not. Why pro-VT mRNAs were not related to body size
in males is not clear, but given that hypothalamic pro-VT transcripts have been
previously shown to be associated with social status in other fishes (Greenwood et al.
2008), it is possible that individual variation in the social status of the male pupfish
(i.e. territorial or non-territorial) might have masked any direct relationship with the
body size alone.
While relationships between pro-VT mRNA levels and social status in pupfish
remain to be examined, diurnal changes in hypothalamic, pituitary gland or plasma
VT peptide have been observed previously in several fishes. For instance, plasma VT
peptide showed diurnal variation in flounder (Platichthys flesus) under a 12L:12D
photoperiod, with VT levels being the greatest during the light phase (Kulczykowska
et al. 2001). In rainbow trout (Oncorhynchus mykiss) held under a 8L:16D
photoperiod, plasma levels of VT- but not IT - were also found to vary diurnally
(Kulczykowska and Stolarski 1996). Diurnal changes in VT peptide, however, do not
appear to be limited to VT in circulation, as VT content in the hypothalamus - but
not the telencephalon - varied from day to night in goldfish (Carassius auratus)
maintained under a 12L:12D photoperiod (Hontela and Lederis 1985). Similarly,
whole brain VT content varied in sea bream (Sparus aurata) maintained under
constant light conditions (Gozdowska et al. 2006). Seemingly, changes in VT peptide
levels should be preceded by changes in pro-VT transcript abundance. However,
tests of this relationship are sparse, and only a few studies have examined diurnal
variation in VT or IT transcript abundance in the fish brain. In one study,
examination of pre-spawning adult chum salmon (Oncorhynchus keta) revealed that

pro-VT and pro-IT mRNA levels were constant in the hypothalamus over a diel
cycle (Saito et al. 2004). Gilchriest et al. (1998), however, found that pro-VT mRNAs
showed diurnal variation in abundance in parvocellular, but not magnocellular,
neurons in the POA of rainbow trout. In these captively raised fish, parvocellular
pro-VT transcripts increased in the morning (8:00-14:00h) to reach maximum levels
in late afternoon (14:00-22:00 h), and declined after the onset of dark (22:00 h),
a pattern opposite to that seen here in Amargosa pupfish. This diurnal cycle of
parvocellular pro-VT transcript abundance in trout did not translate into changes in
either hypothalamic or pituitary VT peptide content, both of which remained
at constant levels over the 24h cycle (Gilchriest et al. 1998). Rather, parvocellular
pro-VT transcript abundance followed a diurnal pattern of variation inverse to that
of plasma cortisol in the trout (Gilchriest et al. 1998), suggesting that parvocellular
VT might regulate diurnal changes in HPI axis activity or, alternatively, that cortisol
might exert negative feedback control on hypothalamic pro-VT gene transcription.
VT has been shown to act synergistically with corticotrophin-releasing factor (CRF)
to regulate hypothalamic adrenocorticotropin (ACTH) release in fish (Baker et al.
1996), but we are unaware of any experimental evidence that cortisol regulates
hypothalamic pro-VT transcription in teleosts.
Whereas studies of diurnal variation in VT and IT in fish remain limited, evidence
from mammals suggests that vasopressin (VP) - VT's mammalian homolog- plays
a key role in regulating circadian and seasonal timekeeping (Caldwell et al. 2008a). In
the diurnal grass rat (Arvicanthis niloticus), sexually mature males and females show
similar patterns of diel change in pro-vasopressin (pro-VP) mRNA levels in the
suprachiasmatic nucleus (SCN) - the main circadian pacemaker nucleus in
mammals - with pro-VP mRNA levels peaking at 05:00-09:00 h and lowest at
21:00 h (Mahoney et al. 2009). Similar diurnal cycles ofpro-VP transcript abundance
have been documented in the SCN of other rodents (Uhl and Reppert 1986;
Tominaga et al. 1992; Yambe et al. 2002; Kalamatianos et al. 2004). Diurnal cycles
of VP production in the SCN appear to regulate SCN neuronal activity, as VP and
VT both increase the firing activity of SCN neurons while V1 receptor antagonists
depress activity (Mihai et al. 1994). V1a knockout mice show a reduced day-night
rhythm oflocomotor activity, further supporting the hypothesis that the timekeeping
action ofVP in the mammalian SCN is mediated by the V1a receptor (Li et al. 2009).
In several rodents, transcripts for the V1a receptor- but not for the V1 b receptor
also show diurnal rhythmicity in the SCN, with peak mRNA levels occurring around
16:00-22:00h (Duncan et al. 1995; Kalamatianos et al. 2004; Li et al. 2009). Several
mammalian brain regions besides the SCN (e.g., medial POA, bed nucleus of the
stria terminalis) also exhibit photoperiodic regulation of V1a receptor expression
(Caldwell and Albers 2004a), and changes in V1a expression in these other regions
have been linked to photoperiod-dependent effects of VP on behavior. For example,
in Syrian hamsters, injection of VP into the anterior hypothalamus increases
aggression (Ferris et al. 1997), although the effects of VP differ with photoperiod
induced variation in V1a receptor density (Ferris and Potegal 1988; Caldwell
and Albers 2004b ).
Comparable experiments that link neural VT receptor expression to behavior
remain to be conducted in teleost fishes, and only recently were three distinct VT
receptor cDNAs (V1a1, V1a2 and V2) identified in fish (Lema 2010), so little
is known about the roles these three receptors might play in fish physiology
and behavior. Phylogenetic examination of the deduced amino acid sequences

of the V1a1 and V1a2 receptors indicates that both receptors belong to a clade of
VP-VT receptors that includes the mammalian V1a-type receptors (Lema 2010).
Given the high structural homology of the V1a1 and V1a2 receptors, these two VT
receptor genes likely evolved from a gene duplication event during the evolutionary
diversification of teleost fishes. In hoth male and female Amargosa pupfish, VIal
and V1a2 mRNAs are both expressed at high levels in the midbrain and cerebellum
(Lema 2010), and while the functional expression of these two receptor cDNAs has
not been shown, the deduced amino acid sequences of the V1a1 and V1a2 receptors
show conservation at several amino acid residues identified as important for receptor
protein binding to VT.
While little is known about the functions of these pupfish VT receptors at
present, results from this study may help to shed light on the receptors' functions by
providing evidence that the pupfish brain shows diurnal variation in transcripts
encoding the V1a2, but not V1a1, receptor. Specifically, we found that day-night
patterns of V1a2 transcript abundance in the brain differed between the sexes, with
peak V1a2 transcript abundance occurring at 08:00 h in males (Figure 5c), but at
19:00 h in females (Figure 5d). Phylogenetically, the V 1a2 receptor in pupfish is
homologous to VT receptors identified previously from other teleost fishes (Lema
2010). While no other studies have examined diurnal changes in VT or IT receptor
expression in fish, recent work suggests that transcript abundance for a teleost
V1a-type receptor increases in the hindbrain of goldfish (C. auratus) during the
breeding season (Walton et al. 2010), which suggests either photoperiodic regulation
seasonally or regulation by changes in gonadal steroid production. Sex steroid
regulation of neural VT receptor expression has not yet been explored in fish, but
gonadal steroids do appear to regulate V1a receptor binding in the brain of rodents
(Delville et al. 1996; Young et al. 2000; Caldwell et al. 2008b). Castration has also
been shown to have photoperiod-dependent effects on hypothalamic V1a receptor
binding in the Syrian hamster and alter VP-regulated male behaviors such as flank
marking (Caldwell et al. 2008b). Given this evidence from mammals and the sex
differences in pupfish V1a2 receptor mRNA levels observed over a diel cycle here,
it seems plausible that VT's sex-specific effects on behavior (e.g., aggression,
courtship) (Goodson and Bass 2000; Lema and Nevitt 2004b; Thompson and
Walton 2004) are mediated via the V1a2 receptor. Clearly, future studies are needed
to explore the role of this V1a2 receptor in behavior and reproduction, and these
studies should include experiments designed to test for influences of sex steroids on
VT receptor gene transcription in the piscine brain. It is important to note, however,
that V1a receptor binding in the mammalian brain has also been demonstrated to be
regulated by glucocorticoids (Patchev and Almeida 1995; Watters et al. 1996), and
diurnal differences in brain V1a2 mRNA levels between the sexes could alternatively
be explained by sex differences in social stresses (e.g., aggression). VT has been
shown to stimulate pituitary ACTH release in fish (Baker et al. 1996), and acute
stressor exposure alters pro-VT mRNA levels in the hypothalamus in trout
(Gilchriest et al. 2000). Such evidence provides support that glucocorticoids may
feedback to regulate the hypothalamic VT system, although future studies are needed
to examine whether any such feedback affects gene expression patterns in the brain
for the V1a2 receptor, or for any of the piscine VT receptors.
In addition to the diurnal changes in V1a2 receptor transcripts, mRNAs
encoding the V2 and ITR receptors also varied diurnally in the brain of Amargosa
pupfish. Transcripts for the V2 receptor showed a diel pattern in expression with

declining levels throughout the day, and peak abundance prior to the onset of dark
(Figure 5e and f). This pattern was similar between males and females. Likewise,
mRNAs for the IT receptor showed similar patterns of change in males and
females with peak transcript abundance occurring during dark phase (04:00 h), and
lowest mRNA levels occurring at 15:00 h (Figure 6). The expressional distributions
and functions of these receptors in the fish brain remain largely unknown. The
Amargosa pupfish V2 receptor belongs to a clade of VT-VP receptors that includes
all mammalian and amphibian (but not avian) V2-type receptors (Lema 2010),
but given that this pupfish V2 receptor was the first V2-type receptor eDNA
identified in teleost fishes, just about nothing is known about the functional
significance of this receptor. Transcripts encoding the V2 receptor are only present
at very low levels in the brain - but at high levels in the gills and kidney 
suggesting a role for this receptor in the maintenance of hydromineral balance
(Lema 2010). A similar tissue distribution has been shown for a V2-type receptor
transcript identified recently from African lungfish (Protopterus annectens; Konno
et al. 2009). This V2-type receptor appears to play an important role in regulating
kidney antidiuresis during the lungfish's terrestrial estivation life stage (Konno
et al. 2010). Even less is known about the function of the IT receptor in fish,
although transcripts for the IT receptor are present at high levels in the pupfish
midbrain and appear to be regulated during osmotic challenge (Lema 2010).
Clearly, future studies into the functions, patterns of brain distribution, and
expressional regulation for both the V2 receptor for VT and the IT receptor are
needed to better understand what role these receptors play in regulating the
physiology and behavior of teleost fishes.

Conclusions

In this study, diurnal variation in the abundance of mRNAs encoding pro-VT and
three VT receptors (V1a1, V1a2, and V2), as well as pro-IT and the IT receptor,
were documented in the brains of wild Amargosa pupfish and examined relative to
diel changes in pupfish behavior. The behavior of Amargosa pupfish was found
to vary diurnally in accordance with changes in light intensity and temperature.
In addition to these changes in behavior, transcripts encoding pro-VT, and the V1a2,
V2, and IT receptors- but not pro-IT or the V1a1 receptor- were also found to vary
over a diel cycle, with mRNAs for the V1a2 receptor showing diurnal patterns that
differed between males and females. Taken together, these findings demonstrate for
the first time that transcript abundance for the V1a2 and V2 receptors for VT show
diurnal variation in the brain of fish.
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